Abstract Transpiration of well-watered and regulated deficit irrigated (RDI) citrus trees was determined by sap flow (SF) measurements using the compensation heat-pulse method. Its potential for detection of plant water stress was evaluated in comparison with measurements of midday stem water potential (w stem ). The study was carried out during 2 years in two commercial groves of Clementina de Nules (CN) and Navel Lane Late (NLL). SF measurements were taken in two trees per treatment instrumented with two identical gauges per tree in NLL and two different types of gauges (type 1 shorter than type 2) in CN. The absolute SF values underestimated the tree water use. Averaged over the entire period of water restrictions, a reduction of about 50 % in water application in the RDI trees of both species decreased tree transpiration compared to the control trees only by a 15 %. Both the nocturnal-todiurnal SF ratio and the relative transpiration were in good agreement with differences in w stem . Overall, results suggest that SF measurements should be preferentially used in relative terms. Sap flow sensors are useful for detecting plant water stress, but they also highlight some of the problems for accurately measuring transpiration.
Introduction
Irrigated agriculture contributes more than 45 % of the total world agricultural production (Molden 2007) . Water demand for irrigation has been steadily increasing during the last years, and forecasts indicate that water scarcity will become a more important problem in many areas of the world (Fereres and Gonzalez-Dugo 2009) .
Worldwide citrus is one of the most important woody perennial crops with over 5.4 million ha, of which 4.1 ha are oranges. Citrus plantations are often concentrated in areas where water scarcity often limits crop production. Thus, irrigation strategies that allow growers to increase crop water use efficiency are a must for the near future.
Regulated deficit irrigation (RDI) is one of the irrigation strategies adequate for this purpose. This practice was made explicit in the 1980s by Chalmers et al. (1981) in order to reduce growth of vigorous fruit trees. They also found that savings in irrigation water could be achieved without yield reduction. Since then, experiments on RDI have been successfully conducted in many fruit tree species including citrus (Ruiz-Sánchez et al. 2010) . However, most of these RDI trials have quantified water savings obtained on a base of the irrigation applications, but not on actual estimation of tree transpiration. In citrus trees, RDI normally reduces stomatal conductance (García-Tejero et al. 2011 ), a fact that should lead to a reduction in tree transpiration. The magnitude of this reduction, however, is difficult to predict since it might depend on several environmental and tree factors. Therefore, at the moment, it is not possible to estimate a precise water budget for RDI in citrus groves, even though there have been several studies that determined the unstressed crop coefficient (K c ) and crop evapotranspiration (ET c ) (Castel 2000; Villalobos et al. 2009 ) of citrus orchards. It is then important to gain some new insights on transpiration values of citrus trees under water stress conditions.
On the other hand, crop response to RDI is very dependent on the timing and severity of the water deficits (Ruiz-Sánchez et al. 2010) . The key for a successful RDI application is to manage correctly the water stress: without precise and affordable water stress indicators, RDI may be a risky strategy. This is because plant response to a given reduction over the potential ET c might result in very different plant water stress levels according to several soil, environmental and tree endogenous factors. Currently, stem water potential (w stem ) is the most common method employed to determine plant water status and for scheduling RDI in citrus trees (Ballester et al. 2011a ). However, w stem measurement cannot be automated, and due to its temporal variability, it has to be limited to a few trees. Thus, other water stress indicators to overcome these limitations are needed.
Sap flow measurements can provide direct measurements of plant water flow allowing studying the dynamics of plant transpiration in well-watered and drought-stressed plants (Smith and Allen 1996) . The use of sap flow methods is therefore particularly suited for RDI studies because they can help quantifying both: the net tree transpiration reduction and the degree of plant water stress reached. In this sense, it should be noted that tree transpiration is not only function of the soil water available but also of the evaporative demand. Thus, a single measurement of plant transpiration may be meaningless unless it can be evaluated against a reference value obtained on trees growing without soil water limitations. Relative transpiration, obtained from the ratio between sap flow of water-stressed and well-watered trees, has been discussed during the last decades as a water stress indicator (Valancogne et al. 1997; Fernández et al. 2007 ). Moreover, other parameters derived from sap flow studies can also be used for water stress detection. Fernández et al. (2001) and Nadezhdina et al. (2007) found in water-stressed olive trees a subtle change in the shape of the sap velocity profile close to the cambium respect to well-watered trees. These authors suggested the possibility of using the ratio of sap flow in the inner/outer xylem regions as a water stress indicator with a potential use in automatic irrigation control. More recently, López-Bernal et al. (2010) observed in olive trees an increase in the nocturnal-to-diurnal sap flow ratio (N/D index) as the soil dried suggesting that the N/D index could also be a sensitive water status indicator. In this study, the hypothesis that N/D index could be used to predict stem water potential of citrus trees was tested.
The aims of the present work were: (1) to determine sap flow (i.e., tree transpiration) based on the compensation heat-pulse method in well-watered and RDI trees and how environmental fluctuations affect plant water use and (2) to explore the feasibility of using several indexes derived from sap flow measurements for plant water stress detection.
Materials and methods

Experimental plots and treatments
The experiment was performed during 2 years (2009 and 2010) in two groves of 9-year-old Clementina de Nules (Citrus clementina, Hort ex Tan) and 10-year-old Navel Lane Late (Citrus Sinensis (L) Osbeck) trees, located in Liria (39°39 0 N, 0°36 0 W) and Chulilla (39°40 0 N, 0°50 0 W, Valencia, Spain), respectively. In these areas, the climate is Mediterranean with an average annual reference evapotranspiration (ET o ) and rainfall in Liria of 1,100 and 401 mm, and 1,273 and 494 mm in Chulilla.
Both species, Clementina de Nules (CN) and Navel Lane Late (NLL), were grafted on citrange Carrizo (Citrus sinensis, Osb. 9 Poncirus trifoliata, Raf.) and planted at a spacing of 6 m 9 4 m. Trees were drip irrigated with 8 emitters per tree located on a double line, each delivering 4 L h -1 . The soils, typical of the area, were of clay to clay loam texture, rich in calcium carbonate and stony (21 and 11 % by weight in Liria and Chulilla, respectively). In both orchards, the irrigation water was of medium salinity (CE 25°C of 1.20-1.22 dS m -1 ) and of alkaline reaction (pH = 7.34-7.61).
Irrigation scheduling was based on estimated crop evapotranspiration (ET c = ET o 9 K c ). Reference evapotranspiration (ET o ) was calculated by the Penman-Monteith equation from weather information obtained in automated meteorological stations nearby to the orchards. During the period of water restrictions, drip irrigation was applied 6 days per week, and it was controlled and adjusted weekly according to the estimated ET c . Crop coefficients used were adjusted according to the trees ground cover fraction. Based on results reported in Castel (2000) , K c values used were 0.61 and 0.56, respectively for CN and NLL groves.
Two irrigation treatments were applied in both orchards: (1) control (C), irrigated at 100 % ET c during the whole season and (2) RDI, irrigated at 35 % ET c from 28th of July to 14th of September in 2009 in CN, and from 20th of July to 14th of September in 2010 in both groves. Trees were irrigated at full dose during the rest of the season.
In the CN grove, C trees had an average trunk diameter of 12.1 ± 0.1 and 12.9 ± 0.3 cm in 2009 and 2010, respectively, and an average canopy ground cover of 34.7 ± 1.4 % for both years (Table 1 ). The average trunk diameter in the RDI trees was 11.8 ± 0.2 and 12.3 ± 0.5 cm with an average canopy ground cover of 31.9 ± 2.7 and 32.5 ± 2.6 % in 2009 and 2010, respectively. In the NLL grove, C trees had an average trunk diameter and canopy ground cover of 13.9 ± 2.3 cm and 33.4 ± 3.5 %, while in the RDI trees, these were of 12.5 ± 0.3 cm and 33.7 ± 3.5 % (Table 1) .
Sap flow measurements
Sap flow (SF) was estimated by the compensation heatpulse (CHP) method (Swanson and Whitfield 1981) that is based on the measurement of temperature variations produced by a heat pulse of short duration (1-2 s), in two temperature probes installed asymmetrically on either side of a linear heater that is inserted into the trunk.
In CN, two C and two RDI trees were instrumented in July 2009 with one unit of two different types of gauges per tree. SF was measured using the heat-pulse velocity system developed by Green and Clothier (1988) with gauges produced by TranzFlo NZ Ltd. One heat-pulse gauge was composed of a pair of temperature sensing probes and a linear heater. A control box and a data-logger (model CR1000, Campbell Scientific Inc., UT, USA) powered by a 12-V battery were used to drive the pulses and store the data. Each gauge measured temperature differences between downstream (10 mm) and upstream (-5 mm) Teflon probes respect to the linear heater by means of thermocouples located at four different xylem depths: (1) type 1 gauges: 5, 12, 21 and 32 mm below the cambium and (2) type 2 gauges: 10, 17, 26 and 38 mm below the cambium. Type 1 gauges were installed into the north side of the main trunk while type 2 gauges were installed into the south side. Probes were installed using drilling bits of 1.8 mm external diameter guided by a metallic plate with pre-drilled holes. Heat-pulse velocity values obtained were corrected for wounding using the coefficients of Swanson and Whitfield (1981) with an estimated wound size of 2.4 mm. The most recommendable procedure to obtain accurate SF estimates would be to determine the actual wound size value after the experiment by cutting the trunk. This is feasible in experimental conditions, however when using SF gauges in commercial applications, as was the case for the present experiment, it is not possible to determine the actual wound size. In these situations, the wound size is normally taken from the previous research, and, for instance, in this experiment, the value used was based on Barrett et al. (1995) , whose anatomical investigations showed that the total wound normally extends about 0.3 mm to either side of the drilling hole.
For the experiment, we used pulse duration of one second. SF was measured every 30 min., and the minimum heat velocity values accepted were those equivalents to crossing times of 330 s (Green et al. 2003) .
In NLL, two C and two RDI trees were instrumented in February 2010, each one with two identical gauges (IAS-CSIC, Córdoba) that measured temperature differences between two stainless steel probes, one downstream (10 mm) and one upstream (-5 mm) with respect to a linear heater (2.0 mm of external diameter). The method employed was a variant of the compensation heat-pulse method that also uses the calibrated average gradient (CAG) routine developed by Testi and Villalobos (2009) to measure low sap velocities. The temperature measurements were obtained by means of ultra-thin thermocouples that, once the probe is in place, are located at 5, 15, 25 and 35 mm within the trunk. Probes were installed using a metallic plate with pre-drilled holes and drilling bits of 2.1 mm external diameter, so heat-pulse velocity values were corrected using an estimated wound size of 2.7 mm. Heat pulses of 2 s were applied every 15 min. The temperature differences (above-below) were measured during 10 s before the pulse to check the stability of the readings. After the pulse, differential temperature (DT) readings were averaged during 180 s.
Wood samples of 5 mm diameter were taken in 10 trees per orchard with a Pressler type core sampler. Samples were weighed and oven-dried at 65°C to constant weight to determine the wood bulk density and moisture content. Wood (F M ) and water (F L ) volumetric fractions were respectively, 0.43 and 0.35 in CN, and 0.46 and 0.37 in NLL. These values were used to convert corrected heatpulse velocity (V c ) to sap flux density (J s , cm h -1 ) as in Becker and Edwards (1999) :
Volumetric sap flux in the trunk was obtained by means of the weighted average method proposed by Hatton et al. (1990) , in which the annular cross-section of the tree is divided into n concentric annuli (as many as the sensors placed at different depths) so that the inner radius r k of annulus k occurs midway between sensors k and k ? 1, where k ¼ 1; . . .; n À 1, numbered from the cambium. The information from each k sensor is weighed by the proportion (p k ) of the total sapwood conducting area it represents:
where a is the radius at the cambium (r 0 = a) and b is the radius at the heartwood (r n = b). Flux (Q) was obtained as the weighted average of sap flux densities, weighed by the area of sapwood associated with each sensor:
SF of well-watered and water-stressed trees was obtained from the average of the two trees per treatment. In order to take into account the existing differences in tree-shaded area among trees, sap flow of each individual tree was weighed according to the ratio between the average canopy ground cover of the four sampled trees and the canopy ground cover of each specific sampled tree.
Plant water status determinations
During the RDI period, tree water status was determined weekly by midday stem water potential (w stem ) which is known as a precise plant water stress indicator in some fruit tree cultivars because of its high sensitivity to irrigation regime (Naor 2000) . Previous results obtained in the same experimental orchards also showed that w stem measurements allowed us to predict yield responses to the deficit irrigation imposed (Ballester et al. 2011a (Ballester et al. , 2012 . Measurements were taken in two mature bagged leaves per tree at solar midday, with a pressure chamber (Model 600 PMS Instrument) following the recommendations of Turner (1981) .
Data analysis
Regressions between pair of variables were performed with the regression models ''REG'' procedure of the SAS statistical package (version 9.0; SAS Institute, Cary, NC).
Two indexes derived from the continuous SF measurement were used. The relative transpiration (RT) was calculated as the daily transpiration of the C trees divided by that of the RDI trees. On the other hand, the nocturnal-todiurnal SF ratio (N/D) was obtained on each treatment as the ratio of daily SF values reported from 10:30 to 16:30 and values obtained during the night hours from 21:00 to 06:00. All calculations were based on the averages of the two trees per treatment. Previous to the water restrictions, when both C and RDI trees had similar plant water status, unexpectedly, N/D in NLL was 1.34 higher in C than in RDI trees. This difference was not associated with any difference in water status (the trees were irrigated the same way in that period); thus, it was considered a measurement offset. The ratio of 1.34 was then employed to normalize the N/D values obtained in the RDI trees of this species to better compare the evolution of N/D in both irrigation treatments during the period of water restrictions.
Results
Meteorological conditions and plant water status
In the CN grove, total rainfall and ET o registered during the period of water restrictions in 2009 (from 28th of July to 14th of September) were 11.2 and 223 mm, respectively. These values were lower than those registered during the RDI period (from 20th of July to 14th of September) in 2010 (49.4 and 251 mm, respectively). The NLL grove had a total rainfall during the RDI period of 21.3 mm and an ET o of 290 mm. Daily ET o values registered ranged between 4.5 and 5.7 mm, and they were typical of a Mediterranean climate under coastal conditions. Only during a couple of days of the NLL experiment, ET o raised to values around 7-8 mm (Fig. 1) .
For the period of water restrictions, average w stem values for the CN and NLL control trees were -1.1 ± 0.2 MPa. RDI trees, however, had an average w stem value of -1.5 ± 0.4 MPa in the CN orchard and -1.4 ± 0.5 MPa in the NLL one, decreasing to minimum values of -2.0 and -2.4 MPa, respectively (Figs. 2, 3 ).
Sap flow measurements for plant transpiration estimations
Diurnal pattern of SF was characterized by a quick increase from sunrise, reaching maximum rates from 12:00 to 15:00 (solar time) and declining until late in the afternoon. During the period of water restrictions, C trees had higher transpiration rates than the water-stressed ones. In the RDI trees, sap flow was also approximately symmetrical in relation to solar noon (Fig. 4) .
Absolute daily SF values registered in CN differed between type 1 and type 2 gauges (Table 2) . Type 1 gauges gave values 1.4 to 2.4 higher than type 2 ones. Thus, the maximum transpiration (Tm) obtained in C trees, calculated by dividing daily SF values by ET o , was 0.25 and 0.23 in 2009 and 2010, respectively, for type 1 gauges and 0.16 in both years for type 2 ones. Tm obtained in NLL-C trees was 0.33, a higher value than that obtained in CN-C trees.
Daily SF values for well-watered trees showed a good correlation with ET o , especially in NLL (Fig. 5 ). Data were best-fitted by a polynomial curve. The relationship between daily SF and average daily vapor pressure deficit (VPD) also fitted a polynomial curve (results not-shown) but with weaker correlation than with ET o (CN: r 2 = 0.55***, NLL r 2 = 0.76***). In addition, Tm in C trees showed a significant negative correlation with VPD (Fig. 6) .
In 2010, 1 month after the beginning of water restrictions, when differences in w stem between C and RDI trees were of 0.7-0.8 MPa, the decrease in transpiration registered in the less-irrigated trees was 21 % on average for the two orchards and gauge types. For the whole period of water restrictions, water savings in the CN RDI trees were 51 %, and this represented a calculated decrease in transpiration for that period of 15 and 25 % for the type 1 and type 2 gauges, respectively. In NLL, the RDI treatment allowed water savings of 49 %, and the transpiration reduction was also 15 %, the same as in CN type 1 gauges.
Sap flow indices for plant water status estimation
Relative transpiration
Previous to the water restrictions, RT was close to 1.0 in NLL and CN trees measured with the type 2 gauges. In the case of the type 1 gauges, RT was 1.3. In both species, RT decreased during the period of water restrictions along with w stem (Figs. 2, 3) .
In 2009, RT in CN started to increase a week before the irrigation was resumed to normal dose coinciding with a period of low evaporative demand (Fig. 1a) , and despite the fact that w stem of RDI trees was still around -2.0 MPa (Fig. 2) . In 2010, when water restrictions finished and irrigation was resumed to normal dose in all trees, there was a quick w stem recovery in both RDI trees of CN and NLL although the RT took longer to recover (Fig. 3) .
Radial heat-pulse velocity pattern
Plant water stress did not clearly affect the radial heatpulse velocity patterns. C trees of both species, NLL RDI trees and CN RDI trees, equipped with the type 2 gauges showed a radial heat-pulse velocity pattern characterized by a velocity decrease with depth. Only CN RDI trees instrumented with the type 1 gauges (the shortest ones) showed a different pattern with velocity increasing until 12 mm depth within the xylem and then decreasing toward the heartwood (Fig. 7) .
Nocturnal-to-diurnal sap flow ratio
In both species, nocturnal sap flow was detected for all treatments. The N/D evolution showed a general increasing trend as water stress developed in both species. There were in fact significant relationships between relative N/D, calculated as N/D of RDI trees divided by that of C trees, and w stem (Fig. 8) . As an example, it should be noted that in CN trees equipped with type 1 gauges, on average for the 2 years of experiment, nighttime water use in C trees was 7 % of total daily water use, while in RDI trees, it was 12 %. Absolute N/D values were significantly correlated with midday stem water potential (r 2 = 0.61*** and 0.57*** in CN for type 1 and type 2 gauges, respectively, and r 2 = 0.59*** in NLL).
Discussion
In both orchards, SF measurements notably underestimated transpiration compared with estimates calculated as function of the canopy ground cover according to Castel (2000) ( Table 1) , as well as compared to transpiration determined by canopy gas exchange measurements with portable chambers reported elsewhere (Ballester et al. 2011b ). In CN trees, the underestimation in tree transpiration was more evident for type 2 gauges with thermocouple sensors placed at 10, 17, 26 and 38 mm of radial depth than for type 1 with sensors at 5, 12, 21 and 32 mm (Table 1) . This was because for a given xylem depth lower sap flow was obtained in type 2 than in type 1 gauges and not because of the different sensors depth. This confirms that in addition to the radial variation in sap flow, in citrus trees, there is also an important azimuthal variation, and the estimated flux values can be different depending on the location of the temperature sensing points. Similar trends were also obtained in olive trees by Nadezhdina et al. (2007) and by . Lopez-Bernal and co-workers had deviations above 10 % in tree transpiration when fewer than six probes were used. Other studies in olive trees (Fernández et al. 2001) , however, suggest that only two to four probes per trunk would be enough to obtain good estimates of tree transpiration. The general underestimation in tree transpiration obtained in our study in all the cases could be in part consequence of using a low number of probes per tree but also because the actual unknown wound size might have been higher than the value used here (2.4 mm) that is the suggested value for citrus trees based on direct calibrations (Fernández et al. 2006) .
Sap flow measurements allow quantifying the transpiration reduction in trees under water restrictions. Water savings during the RDI period close to 50 % in both species caused a transpiration reduction of only 15 % in NLL and 20 % in CN trees. This implies that the net transpiration reduction obtained was much lower than the actual water application reduction: the difference thus is extracted from the soil reservoir. Since most of the RDI trials previously conducted (e.g., revisions by Naor 2006 and Ruíz-Sánchez et al. 2010 ) only determined irrigation water savings achieved, our results suggest that the potential savings in consumptive tree water use can be less considerable than just the irrigation water saving itself. As the difference between the orchard water use (transpiration ? evaporation from the soil) and the water applied by irrigation is drawn from the soil water storage, in years when the precipitations do not refill completely the soil water capacity, this difference can be reduced, and a RDI strategy that has been proven successful in wetter years could induce severe water stress and fail. This is a risk to be taken into account in climates with high variability in the amount of cool season precipitations; further research is required to reduce this risk by dynamically modifying the RDI strategies depending on the soil water storage available at the onset of the irrigation period.
Among the different water stress indicators studied, RT followed closely the evolution of w stem showing in all cases a good correlation. This correlation, however, was different between years, species and gauge types in the CN orchard, in which the type 2 gauges had better correlations than type 1 ones (Fig. 9) . This implies that the relationship between RT and w stem may not be unique across seasons, and sitespecific calibrations are needed before attempting to predict w stem from RT. In addition, it should also be noted that previous research in apple and grapevines has shown that the sensitivity of the heat-pulse compensation technique can be low in cases of high transpiration (Dragoni et al. 2005 (Dragoni et al. , 2006 ). Dragoni and co-workers showed that in occasions, sap flow values did not increase more when a certain transpiration value was reached. This implies that the use of RT as a water stress indicator has to be done carefully since actual values of RT could be affected if the relationship between sap flow measured and the actual canopy transpiration diverges from linearity.
The small lag in the sap flow recovery respect to w stem when irrigation was resumed to normal dose observed in 2010 in both species was likely due to an after-effect of water stress on stomatal behavior as reported in other (Ortuño et al. 2007) . Results obtained in 2009 also showed that increases in RT can occur as a consequence of a sudden decrease in the evaporative demand in spite of w stem in RDI trees being still low (around -2.0 MPa in our experiment). This confirms the general idea that under low evaporative demand, plants with mild water restrictions are still able to transpire at a rate close to that of well-watered plants (van den Honert 1948; Denmead and Shaw 1962) implying that plant responses to soil water limitations are dependent on the evaporative demand. Interestingly, we also observed that Tm, particularly for NLL, was climate dependent showing (Fig. 6) . Dragoni et al. (2005) observed that days with high VPD corresponded with high transpiration values in apple. In our case, however, well-watered plants reduced the transpiration most likely due to a stomatal regulation in response to air dryness levels as previously reported in citrus (Syvertsen and Lloyd 1994; Oguntunde et al. 2007; Villalobos et al. 2009) or in other crops (Ferreira and Katerji 1992 in tomato; Moriana et al. 2002 in olive) . This Tm fluctuation in response to VPD changes reinforces the idea that for optimizing irrigation management, scheduling should be based on monitoring the soil-plant-atmosphere continuum. Irrigation scheduling based on the FAO model, which uses the ET o and K c approach, might lead to important deviations from the actual plant water needs. Indeed, as other authors have reported (Annandale and Stockle 1994; Dragoni et al. 2005) , the nonlinearity presented in Fig. 5 (transpiration of well-watered trees vs. ET o ) questions whether short dense crops, like grass, should be used as a reference for tall discontinuous canopies in climates where VPD can exhibit large variations. A second interpretation of the nonlinearity of Fig. 5 could also be given. Our experimental trees were drip irrigated: the volume of wetted soil a plant can reach is thus limited. Roots, in these conditions, tend to increase noticeably their spatial density, but their capacity to extract water may not meet the requirements under days of very high evaporative demand, not because enough water is present in the soil, but because the root density is insufficient for that given day.
Although in CN trees equipped with type 1 gauges, some differences in sap flow radial pattern were found between well-watered and RDI trees, a strong conclusion cannot be taken from this experiment since no differences were found neither in trees instrumented with the type 2 gauges nor in the NLL ones.
With regard to the N/D index, the values found in CN and NLL (5-17 %) are comparable with those reported in other species (Dalley and Phillips 2006) . The highest values of N/D were obtained in days with low VPD and with some rain, in which daily transpiration decreased, following days with high transpiration. In any case, with our data, it is not possible to infer which part of the nocturnal sap flow detected was due to plant transpiration and which due to water redistribution. In this sense, Dalley and Phillips (2006) observed in red oak and red maple, a low sensitivity of SF to nighttime high values of VPD (close to 1.0 kPa) suggesting that the SF values measured at nighttime likely represented the recharge of depleted water stores within the trees. In our experiment, NLL and CN control trees had similar N/D values to RDI trees on average for the period of water restrictions (13 % in CN RDI trees and 10 % in the C ones and 10 and 7 % in NLL-C and RDI trees, respectively). However, in agreement with López-Bernal et al. (2010) , RDI trees of both species showed an increase of N/D during the period of water restrictions as w stem went low. The relationship between N/D and w stem measured the day before (Fig. 8) confirms the hypothesis that N/D could be used to predict w stem in citrus trees. However, more research would be needed to assess whether N/D could be used to determine the plant water status in other woody perennial species before concluding that N/D is a reliable and robust water status indicator. Fig. 8 Relationship between stem water potential (w stem ) and relative nocturnal-to-diurnal sap flow ratio (N/D (RDI/C)) in 2010 for Clementina de Nules trees equipped with the type 1 gauges (r 2 = 0.11; n = 9), type 2 gauges (r 2 = 0.82***; n = 12) and Navel Lane Late trees (r 2 = 0.76***; n = 11). Asterisks indicate the level of significance of the linear regressions Fig. 9 Relationships between midday stem water potential (w stem ) and relative transpiration for Clementina de Nules in 2009 (type 1 gauges r 2 = 0.68*, type 2 gauges r 2 = 0.81*), 2010 (type 1 gauges r 2 = 0.77***, type 2 gauges r 2 = 0.82***), and for Navel Lane Late (r 2 = 0.84***). Asterisks indicate the level of significance of the linear regressions
Conclusions
The results obtained in this experiment show that sap flow sensors can detect plant water stress. They also gave information about the transpiration reduction in deficitirrigated trees (15-20 %), suggesting that potential savings in consumptive tree water use can be less considerable than just the irrigation water saving itself and highlighting the importance of soil water reserves when RDI trials are conducted. The use of SF sensors in commercial orchards, however, poses some inconvenient at the current state of knowledge. On the one hand, absolute SF values obtained by using two gauges per tree underestimated the expected tree transpiration. This underestimation could be due either to a systematic error or to the low number of gauges employed per tree, but increasing the number of gauges used would make the system too expensive for non-scientific purposes. On the other hand, when direct calibration cannot be performed, as in commercial applications, RT values should be used instead. This implies the need to have control plants irrigated at maximum crop evapotranspiration in the orchard as a reference. RT followed closely the evolution of w stem showing a good correlation in all cases although with high variations between years and species which makes the use of this relationship more difficult in commercial situations. In addition, the present research corroborates previous suggestions that the nocturnal-to-diurnal sap flow ratio is likely to be another possible water status indicator obtained from the SF gauges, although more specific research in this aspect would be needed to determine how other environmental or tree endogenous factors might influence this parameter apart from plant water status.
